phologically, they are biphasic with spindle and epithelioid/glandular cells, or monophasic, with a pure spindle cell pattern. 3 The majority of tumors possess a specific chromosomal translocation, where the proximal part of SYT (18q11) is translocated to the distal portion of one of several duplicated SSX genes (most notably SSX1 and SSX2) on the short arm of chromosome X (Xp11). The SYT/SSX1 translocation is present in the majority (Յ 75%) of patients and is associated with a poor prognosis. 4, 5 The SYT/SSX1 translocation is associated with both the biphasic and monophasic patterns, whereas the SYT/SSX2 translocation is usually associated with only the sarcomatous (monomorphic) morphology. Little is known of the functional role of these fusion proteins in tumorigenesis, although they are believed to play a role in the deregulation of transcriptional factors such as CRB/p300 6 and hBRM/hSNF2a, a component of the SWI/SNF complex that regulates chromatin remodeling. [7] [8] [9] Although surgery, radiotherapy, and adjuvant chemotherapy have improved the outcome of patients with local disease, management of distant metastasis remains problematic. Local disease recurrence, large tumors, lack of differentiation, older patient age, and pulmonary metastasis are all poor prognostic factors. 10 Accordingly, there is need for alternate therapies, 2 such as those recently developed against the receptor tyrosine kinases (RTK).
The human epidermal growth factor receptor (EGFR; ERBB) family of RTK is an important group of mediators responsible for cell proliferation, survival, adhesion, migration, and differentiation. 11 The family comprises four distinct receptors: EGFR, HER-2, HER-3, and HER-4. EGFR, HER-3, and HER-4 are stimulated by a variety of ligands, whereas no known ligand has been identified for HER-2/neu. With the exception of HER-3, which lacks tyrosine kinase activity, all are transmembrane RTKs. 12 Once activated by their respective ligands, they rapidly dimerize either as homodimers or heterodimers and exert their biologic activity through several different signal transduction pathways (for a review, see Yarden 11 ). HER-2/neucontaining dimers are particularly resistant to endocytosis and, therefore, are more potent. 13 EGFR is expressed in a variety of neoplasms including cervical, 14 ovarian, bladder, 15 and esophageal carcinomas. 16 HER-2/neu expression is amplified in a variety of primary human carcinomas, including breast, 17 ovarian, endometrial, 18 and lung carcinomas. 19 HER-2/neu expression in breast and ovarian carcinomas is associated with a more aggressive phenotype, 20 disease recurrence, 21 poor overall survival, 22 and chemotherapy resistance. 23 Little is known about the expression of the ERBB family in synovial sarcomas. In a limited study of two cases of synovial sarcoma, strong EGFR membrane expression was found. 24 Recently, 25 analysis of eight monophasic synovial sarcoma specimens using spotted cDNA expression profiling demonstrated the clustering of EGFR with the SSX genes, suggesting that this RTK may be associated with synovial sarcoma-specific expression. In addition, two recent reports 26, 27 have demonstrated the immunopositivity of synovial sarcomas compared with other soft tissue sarcomas. Several recent reports have examined the expression of HER-2/neu in synovial sarcoma. The first report by Allander et al., 28 which investigated differences in gene profiling between synovial sarcoma and malignant fibrous histiocytoma (MFH) using array technology, demonstrated increased HER-2/neu expression in the synovial sarcoma cohort. The second article by Nuciforo et al. 29 also demonstrated mRNA and protein expression in a small sample (n ϭ 13) of synovial sarcomas. However, these two reports are in disagreement with an earlier study of a large cohort of pediatric sarcomas that showed that HER-2/neu overexpression was a rare event in mesenchymal tumors including synovial sarcoma. 30 It would appear that the expression of EGFR and HER-2/neu in synovial sarcomas is controversial.
To further investigate the possibility of EGFR and HER-2/neu expression in synovial sarcoma, we examined a cohort of 30 patients by immunohistochemistry, chromogenic in situ hybridization (CISH), and real-time quantitative polymerase chain reaction (Q-PCR).
MATERIALS AND METHODS

Tumor Specimens and Patients
Fresh and formalin-fixed, paraffin-embedded tissue blocks (FFPE) of synovial sarcoma were obtained from the files of the Department of Pathology, University of Michigan Medical Center (Ann Arbor, MI) and from The University of Texas, M.D. Anderson Cancer Center (Houston, TX). Clinical history by chart review was obtained after approval was obtained from the institutional review board. The diagnosis of synovial sarcoma was confirmed as defined by World Health Organization criteria. 31 After pathologic review, a tissue microarray was constructed from the most representative area using the methodology of Nocito et al. 32, 33 
Immunohistochemical Staining for Epidermal Growth Factor Receptor and HER-2/neu Expression
Immunohistochemical staining was performed on a Dako autostainer (Dako, Carpinteria, CA) using Dako LSABϩ and diaminobenzadine (DAB) as the chromogen. Deparaffinized sections of formalin-fixed tissue at 5-m thickness were labeled with EGFR (rabbit polyclonal antibody, 1:200, Zymed, South San Francisco, CA), HER-2/neu (rabbit polyclonal antibody, 1:400, Dako), or vimentin (mouse monoclonal antibody, 1:400, Dako). Protease K antigen retrieval was used before incubation with anti-EGFR. HER-2/neu sections did not require antigen retrieval. Microwave citric acid epitope retrieval was employed for vimentin. Appropriate negative (no primary antibody) and positive controls (overexpressing breast carcinoma) were stained in parallel with each set of tumors studied. The immunoreactivity of the membranes was scored by a four-tier (negative, low positive, medium positive, and high positive) modification of the normal grading scheme previously described by Wang et al. 34 for RTK staining.
SYT-SSX polymerase chain reaction
The detection of the SSX fusion partner to SYT was determined using the method of Inagaki et al. 35 All fusion gene products were confirmed by sequencing. Sequencing was performed within the University of Michigan Medical Center DNA sequencing core using an ABI 377 DNA sequencer (ABI, Foster City, CA).
Total RNA Isolation and 5 Nuclease Assay
Total RNA was isolated from FFPE tissue specimens (n ϭ 30) using the Ambion paraffin block RNA isolation kit (Ambion, Austin, TX) in accordance with the manufacturer's protocol or from fresh tissue specimens (n ϭ 10) using the TriZol method. 36 cDNA was synthesized from 1 g RNA using a first-strand synthesis kit for reverse transcription-PCR (Retroscript, Ambion) with random decamer primers.
The relative abundance of each mRNA species was assessed using the 5Ј fluorogenic nuclease assay to perform Q-PCR. The principles of this assay have been reviewed elsewhere. 37 PCR primers and FRET probe (TaqMan) for EGFR and HER-2/neu were obtained from Biosource (Camarillo, CA). The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers and probes were obtained from Applied Biosystems (Foster City, CA). Q-PCR using a SmartCycler (Cepheid, Sunnyvale, CA) was performed in duplicate in 30-L reaction volumes consisting of 1 ϫ Q-PCR SuperMix-UDG reaction mix (Invitrogen, Carlsbad, CA) supplemented with the appropriate magnesium concentration for the primer/probe set employed. The reaction conditions were 50°C for 120 seconds, 95°C for 10 minutes, followed by 60 cycles of 95°C for 15 seconds and 60°C for 1 minute. Absolute expression of mRNA species was calculated using a standard curve generated from known concentrations of commercially available plasmids containing fulllength cDNA inserts (Invitrogen). Results are expressed as number of copies of EGFR or HER-2/neu mRNA per 10,000 copies of GAPDH mRNA. RNA expression data have demonstrated that GAPDH expression is fairly constant in synovial sarcomas (results not shown). PCR products were resolved by polyacrylamide gel electrophoresis using 8% gels and stained with SYBR Green I nucleic acid gel stain (Ficcol Marine Colloid [FMC], Rockland, ME) and photographed under ultraviolet conditions. A breast tumor was also extracted under identical conditions and run in parallel as a positive control.
Chromogenic In Situ Hybridization
The CISH assay was performed using the EGFR and HER-2/neu DNA probe kits (Zymed). CISH is a recently described technique analogous to fluorescent in-situ hybridization (FISH), but which uses a colorimetric end point. 38 It is equivalent to FISH in its sensitivity and specificity 39 but does not require the specialized fluorescent microscope used with FISH analysis. Briefly, deparaffinized sections were microwave pretreated for 10 minutes with the CISH pretreatment buffer (SPOTlight tissue pretreatment kit, Zymed) and digested for 5 minutes at 37°C with pepsin according to the manufacturer's instructions. Subsequently, the sections were washed with water, dehydrated with graded ethanol, and air-dried. The ready-to-use digoxigenin-labeled EGFR or HER-2/neu probes and the biotin-labeled chromosome 7 centromer and chromosome 17 centromer probes were separately applied to the center of a cover slip and placed on the tissue section. After sealing the edges of the cover slip with rubber cement, the tissue section and probes were denatured for 10 minutes at 95°C by placing the slides in the slide block of the PCR machine (MJ Research, Watertown, MA). Hybridization was performed overnight in a humid chamber at 37°C. The stringency wash was done with 0.5% standard saline citrate at 75-80°C for 5 minutes. Endogenous peroxidase activity and nonspecific protein binding were blocked by incubation with 0.6% H 2 O 2 in methanol for 30 minutes and CAS-block for 30 minutes. Sections were incubated with either mouse antibiotin (Vector, Burlingame, CA, 1:50, 30 minutes) or mouse antidigoxigenin (Roche Diagnostics, Indianapolis, IN, 1:50, 30 minutes). Immunohistochemical staining was completed using Dako Envisionϩ and DAB as the chromogen on the Dako autostainer. Tissue sections were counterstained with hematoxylin and mounted. Appropriate gene-amplified breast tumor controls were included in each run. Each section was evaluated at ϫ 400 and Ն 30 cells were counted for the presence of the specific probe and the satellite probe for the chromosome 7 centromer and the chromosome 17 centromer.
RESULTS
Clinicopathologic Data
Thirty-eight specimens of synovial sarcoma cases representing 30 patients were used in the current study. The patients had a mean age of 33 years (range, 7-70 years) and the male-to-female ratio was 13:17. There were 22 specimens of primary tumors, 7 specimens of recurrent tumors, and 9 specimens of pulmonary metastatic tumors. There were 24 tumor specimens with SYT/SSX1 fusion genes and 6 tumor specimens with SYT/SSX2 fusion genes. The SSX1 group contained 18 tumor specimens with biphasic morphology and 6 specimens with monophasic morphology. The SSX2 group contained five monophasic and a single biphasic tumor specimen.
Expression of the Epidermal Growth Factor Receptor and HER-2/neu Protein in Synovial Sarcoma by Immunohistochemistry
Immunohistochemical analysis of 38 synovial sarcoma samples representing primary and metastatic lesions using the anti-HER-2/neu polyclonal antibody demonstrated the characteristic membranous staining associated with membrane-bound RTK in 20 of 38 (52.6%) specimens (Fig. 1A,B ). There were no differences in the quality of staining between epithelioid regions (Fig. 1A) and areas demonstrating spindle cell morphology (Fig. 1B) . The majority of immunopositive tumor specimens demonstrated focal low to medium intensity (1ϩ to 2ϩ) when compared with the Only one specimen demonstrated the intense staining pattern observed with the control. All positive and negative immunohistochemical controls were appropriate. None of the six patients with the SYT/SSX2 phenotype demonstrated immunohistochemical reactivity for HER-2/neu (Fig. 1C) .
Nine patients with multiple biopsy and resection specimens were analyzed for the expression of HER-2/ neu with the objective of determining if there was a gain of the RTK expression over time. Only one patient demonstrated a gain of HER-2/neu expression, whereas another patient demonstrated a loss of HER-2/neu expression. The remainder of the patients demonstrated no change in their receptor status. Immunohistochemical analysis of 38 synovial sarcoma specimens representing primary and metastatic lesions using the anti-EGFR polyclonal antibody demonstrated the characteristic membranous staining associated with membranebound tyrosine kinases in 21 of 38 (55.3%) specimens (Fig. 1D ) in addition to focal granular immunoreactivity. All tumor specimens demonstrated focal low to strong immunoreactivity when compared with the strong staining intensity of the positive control. Stronger staining occurred in spindle cell areas compared with the epithelioid areas. All positive and negative immunohistochemical controls were appropriate.
Coexpression of EGFR and HER-2/neu occurred in 13 of 38 synovial sarcoma specimens studied (46%).
Absence of Epidermal Growth Factor Receptor and HER-2/neu Genomic Amplification in Synovial Sarcoma by Chromogenic In Situ Hybridization
None of the 30 tumor specimens studied by CISH showed genomic amplification of the EGFR or HER-2/ neu oncogene by the CISH assay. Representative results are shown in Figure 2 .
Expression of Epidermal Growth Factor Receptor andHER-2/neu using Quantitative-Polymerase Chain Reaction Assay
The presence of mRNA for EGFR and HER-2/neu was demonstrated in 19 of 30 specimens (63.3%) and in 22 of 30 specimens (73.3%), respectively. All of the tumor specimens with mRNA for EGFR or HER-2/neu by Q-PCR demonstrated a relative concentration of the message below the C T for GAPDH. A representative exponential curve for the two RTK and GAPDH is seen in Figure 3 . Several tumor specimens expressed a message for HER-2/neu at extremely low levels and consequently failed to reach C T , even though there was an exponential curve for GAPDH amplification (Fig. 3) .
The absolute expression of EGFR and HER-2/neu compared with GAPDH was EGFR, 600 Ϯ 205 copies per 10,000 copies of GAPDH mRNA (n ϭ 10) and HER-2/ neu, 4025 Ϯ 716 copies per 10,000 copies of GAPDH mRNA (n ϭ 
Correlation of Receptor Tyrosine Kinase Immunoreactivity with the SYT/SSX Phenotype
When SSX status was correlated with EGFR expression, 17 of 24 samples (71%) were positive in patients with SSX1 fusion proteins, whereas only 1 of 6 patients (17%) with the SSX2 fusion genes expressed EGFR immunopositivity. This patient demonstrated the only biphasic morphology tumor. HER-2/neu was present in 54% of the samples, all of which possessed the SYT/SSX1 phenotype. No tumor specimens with the SYT/SSX2 phenotype demonstrated immunoreactivity for HER-2/neu.
Correlation of Receptor Tyrosine Kinase Immunoreactivity with Gender, Age, and Metastasis Status
No correlation was observed between either EGFR or HER-2/neu mRNA or protein expression and age, gender, or metastatic status. This is in contrast to the study of Nuciforo et al. 29 
Correlation of Receptor Tyrosine Kinase Immunoreactivity and mRNA Concentration
A statistically significant association was demonstrated between protein expression and mRNA levels (P Ͻ 0.01) for both EGFR and HER-2/neu in samples of synovial sarcoma possessing the SYT:SSX1 translocation. Medium to high-intensity immunopositivity (2-3ϩ) corresponded with an absolute Q-PCR value of 790 and 2290 copies of the EGFR and HER-2/neu, respectively. Low-intensity immunopositivity (1ϩ) corresponded to an absolute value of 350 -780 for EGFR and 510 -2000 for HER-2/neu. Below these values, immunohistochemistry was negative.
DISCUSSION
In an earlier report, we demonstrated the absence of immunohistochemical staining for HER-2/neu in osteosarcomas. 40 In the current report, we analyzed 38 samples of synovial sarcoma representing 30 patients for the expression of EGFR and HER-2/neu RTKs using immunohistochemical and molecular methods and demonstrated expression of the genes, albeit at relatively low levels in the majority of cases. These results confirm the findings previously reported by Allender et al., 28 Gusterson et al., 41 Nielsen et al., 25 and Nuciforo et al. 29 In contrast to all of these reports, there was no differentiation of staining intensity between the epithelioid and sarcomatous elements in our samples. These results contrast with an earlier immunohistochemical survey of sarcomas and small round cell tumors of childhood, 30 in which none of the synovial sarcomas studied (n ϭ 6) demonstrated immunohistochemical staining for HER-2/neu. Intriguingly, Nuciforo et al. 29 showed that the female members of the cohort did not have high protein expression compared with the male members of the cohort. However, they did not discuss further this noteworthy finding. We saw no correlation between gender and expression of either RTK mRNA or protein.
The difference between these studies could be due, in part, to the few synovial sarcoma samples examined and/or to the different antibodies used. Furthermore, unusual immunohistochemical staining patterns may lead to erroneous interpretation. Although immunohistochemistry is a routine laboratory technique that offers several advantages compared with other assays measuring protein expression, 42 some disadvantages should be noted. First, the results of immunohistochemistry may be influenced by both the length and method of fixation as well as by the degree of antigen retrieval. 43 Second, the results are clearly antibody dependent. Press et al. 44 evaluated a panel of 28 antibodies (7 polyclonal antibodies and 21 monoclonal antibodies) on 187 FFPE breast tumor specimens, previously shown to be HER-2/neu positive, and demonstrated that the ability to detect HER-2/neu-positive cells varied from 6% to 82%. Gancberg et al. 45 have also demonstrated similar specificity and sensitivity results. Third, intraobserver reproducibility is a problem, even with standardized reference material. 46 In breast tumor specimens, HER-2/neu oncogene amplification typically has been associated with HER-2/neu overexpression as evidenced by membrane staining. 44, 47, 48 Oncogenic progression in sarcomas can be separated into two distinct groups cytogenetically, 49 i.e., 1) sarcomas with a single, distinct chromosomal translocation, such as synovial sarcoma (t18:X)(q11;q11), alveolar rhabdomyosarcoma (t 2:13)(q35;q14), myxoid chondrosarcoma (t 9:22)(q22;q12), Ewing sarcoma (t 11:22)(q24;q12), clear cell sarcoma (t 12:22)(q13-q14; q12), dermatofibrosarcoma protuberans (DFSP) [ring 17 or t(17;22) (q24;q12)], and desmoplastic small round cell tumor (DSRCT) (t 11:22)(p13;q25); and 2) sarcomas with complex karyotypes. These complex sarcomas are the results of multiple genetic alterations, each of which results in a biologic advantage for the malignant cell. Conversely, sarcomas such as synovial sarcoma rely on a single genetic change that is the seminal event and that has a profound affect on the malignant cells phenotype.
We speculate on the contribution of the SYT/SSX fusion type to the expression of these two RTKs. To understand the contribution of the SYT/SSX fusion type to the translation regulation of EGFR and HER-2/neu expression, it is necessary to know about the normal function of the two gene products. The SYT gene codes for a protein with two functional domains: an amino terminal, which is conserved in the synovial sarcoma fusion proteins, and a C-terminal QPGY domain that functions as a transcriptional activator. 50, 51 Native SYT associates with p300/CBP in G 1 arrested cells, resulting in the activation of ␤1 integrin. 52 Activated ␤1 integrin regulates cell adhesion. The SSX group of genes on chromosome X encode proteins that are expressed strongly in normal thyroid and testes 53 in addition to malignant tumors, such as melanomas. 54 These proteins contain an abundance of charged amino acids, a possible tyrosine phosphorylation site, and strong homology with a Kruppel-associated box (KRAB). The KRAB box has been implicated in transcriptional repression. In the SYT/SSX fusion proteins, the binding of SYT to p300/CBP is retained whereas the adhesion function is lost. 52 The N-terminal KRAB box is also lost. Thus, the SYT/SSX fusion protein lacks zinc fingers responsible for protein-DNA interaction but contains strong motifs for proteinprotein interaction. It is possible that SYT/SSX mediates its action through modulation of other proteins responsible for transcription and translation. Several reports have localized the SYT/SSX fusion protein to the nucleus 55 and described its role in homeotic gene silencing 56 and also its interaction with hBRM/ hSNF2␣, a component of the SWI/SNF complex that regulates chromatin remodeling. 51, 57, 58 The SYT/SSX fusion protein also binds to the p300/CBP complex, which has a role in the transcriptional regulation of HER-2/neu. 6 It is too premature to speculate how these results correlate with our findings. Our results demonstrate the almost ubiquitous transcription of the gene for EGFR and HER-2/neu but suggest that there is a lack of translation regulation, especially in synovial sarcoma specimens containing the SYT/SSX1 fusion gene. This is surprising considering that SSX1 and SSX2 are nearly identical in amino acid composition. 53 Furthermore, it is not suggested that the SYT/ SSX fusion protein is directly responsible for this lack of translational regulation but that it is certainly worthy of further study.
Because of the few specimens, especially specimens of synovial sarcoma with the SYT/SSX2 fusion product, it was not possible to determine if EGFR or HER-2/neu oncoprotein or their respective mRNA are independent prognostic factors. Thus, a study of a larger group of patients with synovial sarcoma would be needed to assess the prognostic importance of EGFR and HER-2/neu expression. It appears that unlike breast tumors, there is no evidence of receptor gene amplification and protein overexpression. However, the coexpression of EGFR and HER-2/neu may suggest that even in the presence of low concentrations of both RTKs, cooperative synergism may be an important tumorigenesis event.
In summary, our results, although they represent a small sample population, demonstrate that EGFR and HER-2/neu expression may represent an important molecular event in the oncogenesis of synovial sarcoma. Furthermore, the use of targeted therapy, such as small molecule inhibitors, which currently are under development, against either or both of the receptors may represent a viable therapeutic alternative.
